Echolocating bats can avoid obstacles in complete darkness relying on their sonar system. Under experimental conditions, these animals can infer the 3D position of obstacles. However, in cluttered and complex environments their ability to locate obstacles is likely to be largely reduced, and they might need to rely on more robust cues that do not degrade as the complexity of the environment increases. Here, we present a robotic model of two hypothesized obstacle avoidance strategies in bats, both of which model observed behavior in bats: a Gaze Scanning Strategy and a Fixed Head Strategy. Critically, these strategies only employ interaural level differences and do not require locating obstacles. We found that both strategies were successful at avoiding obstacles in cluttered environments. However, the Fixed Head Strategy performed better. This indicates that acoustic gaze scanning, observed in hunting bats, might reduce obstacle avoidance performance. We conclude that strategies based on gaze scanning should be avoided when little or no spatial information is available to the bat, which corresponds to recent observations in bats.
Introduction
Echolocating bats rely on their biosonar systems to avoid obstacles in complex environments (Griffin and Galambos, 1941) . Several studies have documented that a bat's acoustic gaze often deviates from its flight direction. In particular, Ghose and Moss (2006) and Falk et al. (2014) found that, while hunting for prey, the bat's flight direction is determined by its gaze direction through a Delayed Linear Adaptive Law (DLAL): the bat's flight direction follows its gaze direction with a delay.
Recently, we have used simulations to propose a sensorimotor model of the prey capture by echolocating bats ( Vanderelst and Peremans, 2018) . The simulations in that paper incorporated the DLAL. The simulated bat was assumed to steer its gaze as to keep the prey in the center of its field of view. As in the experiments reported by Ghose and Moss (2006) and Falk et al. (2014) , the flight direction followed the gaze direction. To assess the contribution of the DLAL to prey capture, we also ran simulations in which the head and body were rigidly coupled. Based on these results, we concluded that a loose coupling between the flight direction and gaze direction allows bats to keep erratically moving prey in their field of view, and thereby, increases the probability of successful prey capture. This previous work hinted at a clear functional advantage of a loose coupling between flight and gaze direction through a DLAL during hunting. Here, we test whether a combination of acoustic gaze scanning and the DLAL is also beneficial to obstacle avoidance, using robotic experiments. We refer to the obstacle avoidance strategy as the Gaze Scanning Strategy.
In addition, to the Gaze Scanning Strategy we also evaluated a second strategy: the Fixed Head Strategy. Under the Fixed Head Strategy, the acoustic gaze and the flight direction are always aligned. This behavior has also been observed in bats (Knowles et al., 2015) .
Methods
We instrumented a differential drive robot ( fig. 1a ,b) with a bat-like sonar system consisting of a narrowband ultrasonic emitter and two microphones, acting as ears. The sonar system was mounted on a pan-tilt system, allowing it to rotate with respect to the drive direction of the robot (fig. 1a ). The microphones were embedded in 3D printed artificial pinnae to give the sonar system a realistic bat-like directionality. The robot emitted ultrasonic calls at a rate mimicking the pulse interval of bats. In addition, the model mimicked the speed and aerodynamic constraints of bats. The speed, head rotation, and body rotation corresponded with the flight dynamics of the Eptecicus fuscus. Echoes were processed using a model of the bat's cochlea (Wiegrebe, 2008) . We used the output of the cochlear model to implement two obstacle avoidance strategies in bats, the Gaze Scanning Strategy and the Fixed Head Strategy:
1. Gaze Scanning Strategy: Under this strategy, the interaural level difference was used to steer the gaze direction of the robot. The robot turned its sonar system towards the side from which the weakest echoes returned. The body followed the direction of the gaze aim, with a delay, as given by the DLAL. This strategy mimics the steeringby-hearing strategy observed by Ghose and Moss (2006) 2. Fixed Head Strategy: Under this strategy, the interaural level difference was used to steer the body rotation of the robot directly. The robot turned away from the direction from which it received the loudest echo(es). The gaze direction was always aligned with the driving direction of the robot. This strategy models a bat not using acoustic gaze steering (as observed by, e.g., Knowles et al., 2015) The robot's ability to avoid obstacles was tested in a 3 × 4 m rectangular arena bounded by 50 cm high corrugated cardboard panels (fig. 1b) . The obstacles consisted of cardboard tubes with a diameter of 4 cm. The tubes were wrapped in artificial ivy causing them to return multiple overlapping echoes. Our testing arena mimicked experimental conditions under which bat echolocation behavior has been studied before (for example, Falk et al., 2014; Knowles et al., 2015) . Moreover, This environment can be assumed to model demanding obstacle avoidance conditions for bats (Falk et al., 2014; Knowles et al., 2015) under which localization of obstacles is not feasible (Warnecke et al., 2018; Knowles et al., 2015) .
Results and Conclusion
Gaze scanning in bats has been likened to saccadic eye movements in mammals (Surlykke et al., 2009) . Planning saccades requires the availability of spatial (angular) information. In the visual system, angular information is directly available. In contrast, angular information needs to be inferred computationally in hearing systems. In fact, bats might be assumed to often operate under cluttered conditions where computing angular information is impossible (Vanderelst et al., 2015) . Under these conditions, only minimal spatial information, such as interaural level differences, might be available to bats to guide gaze scanning. The robust strategies implemented here are compatible with this kind of coarse spatial information.
In spite of their simplicity and the demanding environment, both strategies -observed in bats -successfully steered the robot away from obstacles (as compared with a Random Walk). However, we found that the Fixed Head Strategy outperformed the Gaze Scanning Strategy (fig. 1c ). We conclude that in spite of the benefit of this strategy during hunting (Ghose and Moss, 2006; Vanderelst and Peremans, 2018) , (1) the delay introduced by the Gaze Scanning Strategy and (2) the fact that this strategy often looks away from the direction of driving makes it less suitable to navigate complex environments dense with obstacles.
We conclude that the Gaze Scanning Strategy can support obstacle avoidance using low-level, coarse spatial information to direct the gaze. However, the advantage of the Fixed Head Strategy leads us to conclude that gaze movements might reduce obstacle avoidance performance in highly cluttered environments. Our results would predict that the Gaze Scanning Strategy is traded for a Fixed Head Strategy under cluttered conditions. Indeed, Knowles et al. (2015) did not observe gaze scanning behavior in their experiments when flying bats through a matrix of chains.
